Abstract Genetic polymorphism was investigated in Thlaspi caerulescens J. & C. Presl at 15 gene regions, of which seven have been identified to putatively play a role in heavy-metal tolerance or hyperaccumulation. Single nucleotide and length polymorphisms were assessed at four cleaved amplified polymorphic sequences (CAPS) and 11 simple sequence repeat (microsatellite) loci, respectively. The utility of these loci for genetic studies in T. caerulescens was measured among seven natural populations (135 individuals). Fourteen loci rendered polymorphism, and the number of alleles per locus varied from 2 to 5 and 1 to 27 for CAPS and microsatellites, respectively. Up to 12 alleles per locus were detected in a population. The global observed heterozygosity per population varied between 0.01 and 0.31. Additionally, cross-species/ genera amplification of loci was investigated on eight other Brassicaceae (five individuals per population). Overall, 70% of the cross-species/genera amplifications were successful, and among them, more than 40% provided intraspecific polymorphisms within a single population. This indicates that such markers may, as well, allow comparative population genetic or mapping studies between and within several Brassicaceae, particularly for genes involved in traits such as heavy-metal tolerance and/or hyperaccumulation.
Introduction
The development of studies on phytoremediation greatly increased the interest for heavy-metal-tolerant and hyperaccumulating plants because of their potential use in the cleaning of soils contaminated with toxic metals (Pollard et al. 2002) . Several plant models have been described, particularly in Brassicaceae (Peer et al. 2003) . Thlaspi caerulescens J. & C. Presl was recently considered as the most promising model species due to its physiological, morphological and genetic characteristics and its genetic proximity to Arabidopsis thaliana (L.) Heynh., a reference species in plant genetics (Assunçao et al. 2003a; Peer et al. 2003) . The physiological and molecular bases of heavy-metal hyperaccumulation are not yet completely understood (Pollard et al. 2002; Bert et al. 2003; Lugon-Moulin et al. 2004 ), but several genes putatively involved in this character have been identified (e.g. Pence et al. 2000; Lombi et al. 2002; Bovet et al. 2003; Bernard et al. 2004; Roosens et al. 2005) . For instance, genes or mRNAs encoding transporters for various metals such as Zn, Fe and putatively Cd have been isolated (e.g. ZNT and IRT gene families; Mä ser et al. 2001; Lombi et al. 2002) . Transcription of such genes can be highly influenced by heavy-metal presence in nutriments (Bovet et al. 2003; Bernard et al. 2004 ) and can vary considerably between metallicolous and nonmetallicolous ecotypes (Lombi et al. 2002) .
In Europe, T. caerulescens is naturally distributed on soils with variable heavy-metal composition, particularly for Zn and Cd. Tolerance and hyperaccumulation for these metals was found to be highly variable between populations (Roosens et al. 2003) . Isozyme markers have been developed to analyse the systematic, the population genetic structure and the mating system of T. caerulescens (Koch et al. 1998; Dubois et al. 2003) . These reports, as well as a phylogeographic reconstruction, may bring new insights into the understanding of the evolution of heavy-metal tolerance or hyperaccumulation in T. caerulescens. However, only few markers are currently available. Thus, increasing the number of variable loci is needed for further genomic investigations. Development of such markers defined in genes may be also very useful because they can be genera-transferable and permit the comparison between T. caerulescens and related species (e.g. Kuittinen et al. 2002) . In addition, markers linked to coding regions, especially to those involved in heavymetal tolerance and hyperaccumulation, should be of particular interest. Those genetic markers could be used to characterise natural populations and analyse how the genetic diversity structure is related to soil characteristics and plant hyperaccumulation efficiencies. This, in turn, would allow the identification of genes under adaptive selection. Indeed, the higher genetic differentiation revealed at markers defined in genes potentially involved in heavy-metal tolerance and/or hyperaccumulation can be interpreted as signatures of natural selection (e.g. Beaumont and Nichols 1996) . The population structure analysis combining such markers and markers unrelated to metal homeostasis could be used to detect which markers are under selective pressures related to the heavy-metal content of soil or the amount of metal accumulated in plant. Furthermore, polymorphisms in genes putatively involved in heavy-metal tolerance or hyperaccumulation may be investigated on progenies of controlled crosses. Detection of possible cosegregation of the hyperaccumulation trait with known quantitative trait loci (QTLs) would then be possible to test (Assunçao et al. 2003b (Assunçao et al. , 2006 Fré rot et al. 2003; Zha et al. 2004) .
In this context, we developed a set of primers amplifying microsatellite and cleaved amplified polymorphic sequence (CAPS) loci located in several coding genes of T. caerulescens. We focused particularly on genes putatively involved in the heavy-metal responses. These markers were then used to characterise seven populations of T. caerulescens. Furthermore, the transferability of each gene marker was tested on eight other Brassicaceae species, of which several are related to heavy-metal-tolerant plants.
Materials and methods
Plant material and DNA extraction Individuals of T. caerulescens (2n = 2x = 14) were prospected on five natural sites in Switzerland: three populations of Jura [coded J1 (West Jura), J8 and J12 (Central Jura)] and two in the Alps (coded A2 and A5). Soil and plant heavy-metal composition have been previously characterised at each site, and significant differences were observed in soil HNO 3 -extractable and shoot Cd and Zn concentrations (Basic et al. 2006a, b) . Between 18 and 21 individuals were sampled in each population. In addition, two metallicolous populations from Ganges (G; France) and Prayon (P; Belgium) differing in their capacity to accumulate Cd (Lombi et al. 2000; Roosens et al. 2003) . These species were chosen to be representative of a large taxonomical range in the Brassicaceae family (Yang et al. 1999; Koch et al. 2001) . We extracted DNA of each individual from 100 mg of leaf using the FastDNA kit (Qbiogene, Inc., Carlsbad, CA, USA).
Genetic marker development

Investigated genes and primer design
We selected accessions of Thlaspi available in public DNA databanks (in June 2004). We looked for microsatellite motifs using the findpatterns software (GCG package, http://www.accelrys.com/products/ gcg_wisconsin_package/), and when several accessions were available for a gene, substitution variation in the coding sequence (cds) or noncoding sequence [i.e. untrancribed sequence of cDNA (UTR) and intron]. Based on these data, we looked for polymorphism in ten genes: ZNT1, ZNT2, ZNT5, IRT1, IRT2, E2F1, WRKY, AGAMOUS, CP and up1 (Table 1) . Primers (Tables 2, 3) were defined for flanking regions of each region displaying a microsatellite motif (ZNT5, IRT1, WRKY, AGAMOUS, CP, up1) or a substitution leading to restriction-site polymorphism (ZNT1, ZNT2, IRT2, E2F1). When possible, primers were designed in conserved regions (particularly in exons) between Thlaspi and Arabidopsis to allow for a better cross-genera amplification of markers in Brassicaceae (Kuittinen et al. 2002) . Seven of these genes (i.e. IRT1, IRT2, E2F1, WRKY, ZNT1, ZNT2 and ZNT5) were considered to be putatively implicated in the heavy- The restriction enzyme used to reveal polymorphism (nucleotide substitution) is indicated b Bold nucleotide indicates a nucleotide change comparatively to the reference Accession (C fi T) to create an absence/presence polymorphism of a TaqI restriction site Additionally, microsatellite loci isolated from Brassicaceae genera related to Thlaspi [Brassica spp. (Lowe et al. 2002) and Alliaria petiolata (Durka et al. 2004) ] were recently available in public databanks. Gene sequences homologous to 14 (74%) of these loci were identified in A. thaliana using the BlastN software (http://www. ncbi.nlm.nih.gov): Ni2B01, Ni2-C12, Ni2-E04, Na10-B10, Na10-F06, Na10-G10, O109-A03 and O109-A06 from Brassica (Lowe et al. 2002) and Ap1, Ap3, Ap5, Ap6, Ap7 and Ap8 from Alliaria (Durka et al. 2004) . Degenerated microsatellite motifs, containing at least five successive repeated dinucleotide motifs, were found again in Arabidopsis for loci Ap1, Ap5, Ap6, Ap7 and Ap8 (data not shown) whereas none was found at the nine other loci. Dinucleotide repeats were always located in untranscribed gene regions (intron or UTR). Conserved sequences between Alliaria or Brassica and Arabidopsis for flanking regions (particularly in exons) of untranscribed gene regions were detected for loci Ap5, Ap6, Ap7, Ap8, Ni2-E04 and Na10-G10. Specific primers were designed in these regions (Tables 1, 3 ). They were then used in polymerase chain reaction (PCR) amplification (see below for the PCR protocol) and direct sequencing of homologous loci in one individual of T. caerulescens (sequence accessions AJ746213 to AJ746217 and AJ746248). Dinucleotide motifs were detected in five of the six investigated loci in T. caerulescens: Ap5, Ap6, Ap7 Ap8, and Na10-G10. These five loci were renamed Tc-up2, Tc-up3, Tc-NOD, Tc-up4 and TcbHLH, respectively (Table 1) .
To summarise, 14 of the 15 investigated loci are located in untranscribed spacers (e.g. intron or UTR) of genes. Only the restriction site polymorphism at the Tc-ZNT2 locus is directly located in the coding sequence but is due to a synonymous substitution that consequently may not be directly under selection. Additionally, each of the 15 studied genes displays a high sequence identity with one expressed single-copy gene in the Arabidopsis genome (Table 1) .
PCR protocol and polymorphism detection
For the PCR amplification of each locus, reaction mixtures contained 50 ng of DNA template, 1· reaction buffer, 0.2 mM dNTPs, 1.5 mM MgCl 2 , 0.2 lM of each oligonucleotide primer (one 5¢ labelled with a fluorochrome; Applied Biosystems; Tables 2, 3) and 0.75 U of DNA polymerase (Qbiogene) in a total volume of 25 ll. Reaction mixtures were incubated in a thermocycler (T1, Biometra) firstly for 4 min at 94°C and then for 36 cycles consisting of 45 s at 94°C, 45 s at the defined annealing temperature (Tables 2, 3 ) and 1 min at 72°C. The last cycle was followed by a 10 min extension at 72°C. For microsatellite loci, electrophoresis of PCR products was directly carried out on a denaturing 5% polyacrylamide gel using an automated sequencer (ABI 377; Applied Biosystems). For loci Tc-E2F1, Tc-ZNT1, Tc-ZNT2 and Tc-IRT2, PCR products were digested with a specific restriction enzyme (Table 2 ) to reveal CAPS. Restriction fragments were electrophoresed either on a 2.8% agarose gel and visualised by ethidium bromide staining (loci Tc-E2F1 and Tc-ZNT2) or on a denaturing 5% polyacrylamide gel, as previously described (loci Tc-IRT2 and Tc-ZNT1). The size of DNA fragments was estimated against the 100-bp ladder (Gibco-BRL) or the 500 ROX size standard (Applied Biosystems) on agarose and acrylamide gels, respectively.
Data analysis
For T. caerulescens populations, alleles were scored for each individual. Expected (H e ) and observed (H o ) heterozygosities were calculated and compared at each locus, and the fixation index within each population (F is ) across all loci was obtained with the GENETIX software (version 4.03; Belkhir et al. 2004) . A test of the significance of association between genotypes at pairs of loci across all populations was performed with the FSTAT software (version 2.9.3, Goudet 2001). The excess of homozygotes at each locus and for each population was analysed with the MICRO-CHECKER software (Van Oosterhout et al. 2004) . When an excess of homozygotes was observed, a null allele estimator for nonequilibrium populations was used to estimate null allele frequencies (Van Oosterhout et al. 2006) . As the algorithm requires preliminary and independent estimate of fixation index (F is ), two F is were used, 0.36 and 0.64, corresponding respectively to fixation indices found on allozymes in metalliferous (from France and Belgium) and nonmetalliferous (from France and Luxembourg) T. caerulescens populations (Dubois et al. 2003) .
Results and discussion
Polymorphic loci in T. caerulescens
Polymorphism was found in different populations of T. caerulescens at 14 of the 15 loci (Tables 2, 3, 4) . Locus Tc-ZNT5 was the only one to show no variation between populations (Table 3 ). The number of alleles at CAPS and microsatellite loci varied from 2 to 5 and 1 to 27, respectively. Length-mutational events were revealed at ten microsatellite loci plus the Tc-ZNT1 locus. Polymorphism in genes putatively involved in the variable capacities of Cd hyperaccumulation was revealed, particularly at loci Tc-IRT1, Tc-IRT2, Tc-ZNT1 and Tc-ZNT2 Pence et al. 2000; Lombi et al. 2002; Bert et al. 2003) . Furthermore, the locus pair Tc-E2F1 and Tc-AGAMOUS as well as Tc-IRT1 and Tc-IRT2 presented a significant genotypic linkage disequilibrium (P < 0.05). Linkage disequilibrium could be due to a physical linkage between loci. For example, the genes IRT1 and IRT2 are tightly linked in the Arabidopsis genome (chromosome 4; GenBank accession AL024486), and the genotypic linkage disequilibrium between these loci may indicate that this is also the case in T. caerulescens. But other factors could, as well, lead to the linkage disequilibrium observed, including inbreeding, population admixture or selection (Flint-Garcia et al. 2003; Gupta et al. 2005) .
Intrapopulation gene polymorphism in T. caerulescens
The number of alleles per population (N), expected (H e ), observed (H o ) heterozygosities and fixation indices (F is ) within populations are shown in Table 4 . We detected up to 12 alleles for two loci in a population (Tc-up3 and Tc-NOD in Ganges; Table 4 ). The genetic diversity of T. caerulescens populations varied between 0.31 (Ganges) and 0.17 (J8) whereas A2 was nearly fixed (0.01). The H o was, in general, lower than H e . Populations may depart from expected HardyWeinberg proportions as a result of local breeding structure or admixture. The F is values for the Swiss populations was comprised between 0.33 (A5, J12) and 0.44 (J8 ; Table 4 ). Interestingly, the fixation index of Prayon obtained with the variable loci of the present study (F is = 0.42) was close to the one reported with isozyme markers (F is = 0.51; Dubois et al. 2003) . In contrast, the lowest fixation index was found for Ganges (F is = 0.15). The failure of amplification of particular alleles (i.e. null alleles) resulting from polymorphism on PCR priming site or an absence of large-allele amplification (large allele dropout) can also explain lower H o than expected. Among the developed loci, Tc-ZNT1, Tc-ZNT2, Tc-IRT1, Tc-IRT2, Tc-up1, Tc-up3, Tc-NOD and Tc-up4 presented a significant excess in homozygotes in some populations (Table 4) . However, when considering an inbreeding coefficient of 0.64, no loci showed a significant signal of null alleles (Table 5) . F is values: *P < 0.05, ***P < 0.001
Utility of markers in T. caerulescens
We propose to use the present gene markers for specific applications in T. caerulescens. Compared with isozyme markers, which present a limited level of variation (maximum of four alleles; Dubois et al. 2003) , use of the present markers will be more suitable to study T. caerulescens natural populations. However, several additional remarks have to be considered for their application in population genetics. First, some of the present markers may correspond to nonneutrally evolving loci, and this would violate population genetics assumptions. Indeed, for such loci, strong physical linkage between the polymorphism investigated and mutations under selection may result in ''hitchhiking'' effects . To identify loci under selection, a combination of different markers [amplified fragment length polymorphism (AFLPs), microsatellites and CAPS] has to be recommended, and simulations should be performed to model neutral loci and allow the identification of outlying loci (Beaumont and Nichols 1996) . Based on this methodology, Swiss populations were recently characterised (N. Basic et al., in preparation) . Second, some loci (particularly Tc-up4) could display null alleles in some populations (Tables 4, 5 ), and such markers have Table 5 Null allele frequencies estimated according to Van Oosterhout et al. (2006) for each locus presenting a significant excess of homozygotes per population. Two fixation indices previously calculated for metallicolous (F is M = 0.36) and nonmetallicolous (F is NM = 0.64) Thlaspi caerulescens populations were used for simulations (Dubois et al. 2003 )
-means that the assessed null allele frequency is inferior to 1% for the considered F is value Cross-genera PCR amplification of loci Overall, 70% of the cross-species/genera amplifications were successful (Table 6 ). Among them, more than 40% provided polymorphic markers within a population (Table 6 ). All the loci except Tc-E2F1 amplified in T. arvense Tc-E2F1 (for which the forward primer was developed in a nonconserved DNA region) was not amplified in any other tested Brassicaceae apart from T. caerulescens. Comparatively to other investigations (e.g. Plieske and Struss 2001), our relatively high crossspecies/genera amplification of gene markers in Brassicaceae may be related to the design of most of primers in highly conserved sequences (particularly in exon sequences) between distantly related species (i.e. Thlaspi/Arabidopsis, Brassica/Arabidopsis or Alliaria/ Arabidopsis). We also observed that microsatellite loci isolated from genomic libraries (i.e. Brassica, Alliaria and Lepidium; Lowe et al. 2002; Durka et al. 2004; Bon et al. 2005 ) frequently correspond to expressed regions in A. thaliana (about 70% for the three cited studies). Consequently, public microsatellite genomic libraries can be considered as a source of variable and transferable gene markers in Brassicaceae. Cross-genera sets of markers may allow the comparison of genetic polymorphism between several Brassicaceae at genes putatively involved in traits of interest, such as heavymetal tolerance and/or hyperaccumulation. They will be also useful for comparative mapping studies or population genetic analyses among and within species in the Brassicaceae family (Clauss et al. 2002; Boivin et al. 2004; Lowe et al. 2004 ).
